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Rotating N = Z nuclei in the mass A = 58 — 80 region have been studied within 
the framework of isovector mean field theory. Available data is well and systematically 
described in the calculations. The present study supports the presence of strong isovector 
np pair field at low spin, which is, however, destroyed at high spin. No clear evidence 
for the existence of the isoscalar t = np pairing has been found. 

1. Introduction 

It is well known that in the nuclei away from the N = Z line proton-proton (pp) 
and neutron-neutron (nn) pairing dominate. In the N « Z nuclei, protons and 
neutrons occupy the same levels. Strong np pair correlations are expected because 
of large spatial overlap of their wave functions. These correlations can be isoscalar 
and isovector. Figuring out their character and whether they form a static pair con- 
densate (an average field) in respective channel has been a challenge since medium 
mass N = Z nuclei have come into reach of experiment. 

At present, the situation with the isovector np-pairing is most clarified. The 
strength of the isovector np-pairing is well defined by the isospin symmetry A 
number of experimental observables such as binding en ergies of the T = and 
T = 1 states in even-even and odd-odd N = Z nuclei I 2|3 | 4J the observation of 
only one even-spin T — band in 74 Rb SI instead of two nearly degenerate bands 
expected in the case of no t = 1 rtp-pairing@ clearly point on the existence of pairing 
condensate in this channel. The analysis of pairing vibrations around 56 Ni indicates 
a collective behavior of the isovector pairing vi brat ions but does not support any 
appreciable collectivity in the isoscalar channel 

On the other hand, it is still an issue of debate whether the isoscalar np—pair 
correlations lead to a pairing condensate. The calculations with the realistic forces 
(Paris force, Argonne V14 force) indicate that the isoscalar pairing gap in the sym- 
metric nuclear matter is 3 times larger than the isovector one The potential 



a The lower-case letter t is used for the isospin of the pair-field in order to avoid the confusion with 
the total isospin of the states denoted by T. 
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problem stems from the transition from realistic to effective interaction: the ex- 
tremely strong t = pairing emerges essentially from the fact that with respect 
to the t = 1 channel, dominated by the central force, the tensor force is acting 
additionally. However, the medium modification (screening) of the tensor force is 
still controversial subject^. Thus, the addition of tensor component into isoscalar 
pairing channel of the models based on effective forces may be necessary for a cor- 
rect description of np-pairing in this channel. In the existing mean-field models, this 
component is neglected. An additional challenge lies in the fact that the strength 
of the effective isoscalar t = np-pairing is not known, and thus has to be defined 
by the comparison with experimental data. The quantity most frequently used for 
that is Wigner energy^, but it does not provide a unique and reliable way to define 
this strength (see discussion in Ref . ^j) . 

In a given situation, two major questions arise, namely, (i) what are the phys- 
ical observables which are sensitive to isoscalar np-pair condensate and (ii) which 
theoretical framework has to be used for the description of such s ystems ? 

Isoscal ar np— pairing may play a role in single-beta dec ay (see, how- 

ever, Refs. 1131111) ) double-beta decay USEE! t ransfer reactions (see, however, 

Ref. H^j), alpha decay and alpha correlations ^EH_ However, since no symmetry- 
unrestricted mean-field (and beyond mean field) calculations of np— pairing, based 
on realistic effective interaction and the isospin-conserving formalism, have been 
carried out so far, no hard evidence for the elusive t — np— pairing phase has 
yet been found. In addition, it was suggested that rotational properties (moments 
of inertia, band crossing fre quencies etc) can provide a signal for the existence of 
isoscalar np-pair condensate | 9 | 22 | 23 | 24 | 25 | ^hese properties will be in the focus of 
the present manuscript. 

In general case, the isovector and isoscalar np— pairing as well as isospin sym- 
metry conservation have to be taken into account in the N « Z nuclei (see Ref. 
^3 and references quoted therein). On the mean field level, the symmetry break- 
ing in the case of np— pairing (especially of its isoscalar component because of the 
uncertainty with its strength) and isospin EH can b e small. In such situation, the 
exact methods of symmetry restoration by projection techniques have to be em- 
ployed. Unfortunately, none of available theoretical tools take into account these 
correlations and requirements simultaneously reflecting the fact that such theories 
are extremely complicated. In particular, the isospin symmetry restoration in the 
presence of the np— pairing has been neglected in almost all theoretical studies of 
the N Z nuclei. It is reasonable to expect that because of the complexity of the 
problem, no theoretical model, which will fully take into account above mentioned 
requirements, will be available in foreseeable future. 

In such situation, isovector mean field theory ^ is a reasonable approximation 
for the study of rotational properties of the N m Z nuclei, see Sect. [2] The present 
manuscript is an exte nsion of our earlier systematic study of rotating N « Z nuclei 
published in Ref. 0^2. Analysis of recent experimental data in 72 Kr and 76 Sr within 
the isovector mean field theory, combined systematic results on the N rj Z nuclei 
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and the analysis of the expected situation in 64 Ge will be presented in Sects. [31 HI 
[5] and [H respectively. Section [7] summarizes our main conclusions. 

2. Isovector mean field theory 

The isovector mean-field theory ^ is used for the study of rotating properties of 
the N « Z nuclei in the present manuscript. This theory assumes that there is 
no isoscalar np— pairing, but takes into account isovector np— pairing and isospin 
symmetry conservation. The later feature, treated in strong coupling limit, is a 
clear advantage of this approach since it is ignored in other studies. An additional 
advantage is the fact that standard mean field models with only t — 1 like-particle 
pairing can be employed. The basis modification of these theories lies in adding 
the isorotational energy term T(T + l)/2 Ji so to the total energy. Since, however, 
all low-lying rotational bands in even-even N = Z nuclei have isospin T = 0, this 
term vanishes. On the level of accuracy of the standard mean-field calculations, 
the restoration of the isospin symmetry (which takes care of the t=l np pair field) 
changes only the energy of the T — 1 states relative to the T = states^. With this 
in mind, the rotatin g propert ies were studied by means of the cranked Relativistic 
Hartree-Bogoliubov [3 2 | 33 | 34| (CRHB) theory. 

At high spin, the impact of t — 1 pairing is negligible and consequently it can 
be neglected. In such situat ion , the isospin broken at low spin by isovector pairing 
is conserved automatically I^ZI Thus, the high spin (I > 15ft) state s are syst em- 
atically studied by means of the cranked Nil sson- Strut insky (CNS) I 36 | 37 | 38 l an( j 
the cranked Relativistic Mean Field (CRMF) I 39 | 40 | 41 [ a pp roac hes, which assume 
zero pairing. The standard set of Nilsson parameters is used in the CNS cal- 
culations. The CRMF and CRHB calculations have been performed with the NL3 
parameterization of the RMF Lagrangian w hich provides good description of 
nuclear properties throughout nuclear chart. The D1S Gogny force and approxi- 
mate particle number projection by means of the Lipkin-Nogami (LN) method have 
been used in the pairing channel of the CRHB theory. 

In the calculations without pairing, the shorthand notation [p, n] indicating 
the number p(n) of occupied gg/ 2 proton (neutron) orbitals is used for labeling of 
the configurations. In the cases when the holes in the subshell play a role, an 
extended shorthand notation [{ph)p, (nh)n] with ph(rih) being the number of proton 
(neutron) f 7 / 2 holes is used. The 3i label is used for mixed low-j N = 3 orbitals, 
where subscript i indicates the position of the orbital within the specific signature 
group. 

In a number of publications it has been suggested that rotational properties 
of the A ^ /. nuclei can provide evidence for the presence of a t — np pair 
field l ^ l ^ l ^3 | 24 | 25 | However, the reasoning often ign ored the considerable f3- and 
7-softness of the nuclei in the mass region of interest I 9 | 22 | 23 | -j,^ q ues ^j on w ] 1 i c ] 1 
physical observables of rotating nuclei may present evidence for the existence of 
the t = np pair field is addressed in the present manuscript. The size of the mo- 
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ment of inertia, the frequencies at which the pairs of particles align their angular 

momentum (band crossing frequencies), deformation properties, and unexpected 

mixing of configurations with a different number of quasiparticles have been dis- 

cussed in the literatu re as possible indicators of np-pairing in rotating N s=s Z nuclei 
Iliai22l23l24l25l2fil44l 

3. 72 Kr nucleus 
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Fig. 1. Excitation energies of the experimental bands 2 and 4 in Kr and theoretical configurations 

calculated in the CRMF, CRHB (panel (a)), and CNS (panel (b)) approaches relative to a rigid 

rotor reference Er^f) = E — 0.02594/(/ + 1). Experimental data are shown by symbols, while 

lines are us ed for theoretical results. Open symbols are used for the states observed recently in 
Refs.ESEQ] 



In recent experiment l ^ l ^ previously observed bands were extended to an 
excitation energy of ~24 MeV and angular momentum of 30fi., new side band has 
been observed and the lifetimes of high-spin states were measured for the first time. 
These data allow to check further the accuracy of the description of rotating nuclei 
within the isovector mean field theory. In particular, it allow to see if there is any 
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enhancement of the quadrupole deformation in the N = Z nuclei. Ref. S3 predicted 
that the t = np-pairing generates such enhancement. An important aspect of this 
study is the fact that all theoretical calculations (partially published in Ref. see 
also Ref. for the results of the CNS calculations employing different set of model 
parameters) were performed before the data became available, and, thus they can 
be considered as predictions. 
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Fig. 2. Transition quadrupole moments as a function of angular momentum. The data point at 

1 = Th is from Ref. GEI while boxes represent the measured transition quadrupole moments and 
their uncertainties within the measured spin range from the present work. The results of the 
CRMF and CRHB calculations are shown by solid and long-dashed lines, respectively. 

Fig. [T] shows the experimental excitation energies minus a rigid rotor reference 
versus angular momentum for bands 2 and 4 and the corresponding theoretical 
configurations. In Ref. band 4 was assigned to the [2,2] configuration (i. e. the 
double S-band). This band (including recently observed / = 28fi. state) is well 
described by the CNS and CRMF calculations. These calculations also indicate the 
presence of two closely lying [3,3] configurations (Fig.[T]), which are the candidates 
for the band 2. The configurations [3,3]a and [3,3]b are obtained from the [2,2] 
configuration by exciting a proton and a neutron from the 33 (a = —1/2) and 
33(a — +1/2) orbitals into second 39/2(0 = +1/2) orbital, respectively. The details 
of the interpretation of band 2 are, however, model dependent reflecting the fact 
that the de scription of the energies of the single-particle states is not optimal (see 
Refg | 38 | 46 |) T he CNS calculations with the Nilsson parameters from Ref.E3('A80' 
parameters) and the CRMF calculations are similar and they suggest that the band 

2 may be the envelope of the [3,3]a and [3,3]b configurations (see top panel in Fig. 
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[lj , whereas the CNS calculations with the standard Nilsson parameters suggest the 
[3,3]a configuration. In the former cas e the irregularities seen in of the band B 
at lo > 0.8 MeV (see Fig. 2 in Ref. ^J) may be explained as due to the crossing (or 
interaction) of the [3,3]a and [3,3]b configurations. 
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Fig. 3. Calculated values of the pairing energies E pa i r i ng = — l/2Tr(Are) and particle number 
fluctuations < (AN) 2 > as a function of rotational frequency Qx in the CRHB configurations A 
and B shown in Fig. [T] The notation of the lines is given in the figure. 



However, a number of factors favor the assignment of the [3,3]a configuration to 
the band 2. An analysis of the relative energies of experimental high-spin bands in 
73,74 Kr and 70 Br shows that they are better described in the CNS calculations with 
the standard set of the Nilsson parameters as compared with the ones employing 
'A80' parameters. The experimental E — Erld plot at spin larger than 2Qh is better 
described by the [3,3]a configuration (see Fig.[T]). The transition quadrupole moment 
Qt of the configuration [3,3]b is smaller than the one of the [3J3 a configuration by 
0.5-0.75 eb in the spin range of interest (see Fig. 11 in Ref. ^™). While the [3,3]a 
configuration reproduces the observed values of Qt of band 2 reasonably well (Fig. 
[2]), the same will not be possible if the configuration [3,3]b is assigned to band 2. 

The CRHB calculations were performed for the configurations A and B which are 
the paired analogs of unpaired [2,2] and [3,3]a configurations (Fig.Q]). Their energies 
are lower than those of their unpaired analogs by approximately 0.7 MeV. The 
pairing correlations in these configurations are small (see Fig. [3]) and c omp arable 
with the ones in the SD band of 60 Zn above the paired band crossing They 
decrease with increasing rotational frequency reflecting the Coriolis anti-pairing 
effect. As a consequence of weak pairing correlations, the results of the CRHB 
calculations are very close to the ones of CRMF for the physical observables of 
interest such as {E — Erld) plots (Fig. [T]) (and, as a result, kinematic and dynamic 
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moments of inertia), and transition quadrupole moments (Fig. [2]). It is, however, 
necessary to recognize that due to the deficiences of the Lipkin-Nogami method in 
the regime of weak pairing the CRMF calculations without pairing can be better 
approximation to exac t so lution at medium and high spins than those within the 
CRHB+LN framework 132. 
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Fig. 4. The same as Fig. [T] but for the side band. Panel (a) shows experimental bands, while 
the results of the CNS calculations for their theoretical counterparts are given in panel (b). In 
addition, the CRMF [2,3] configuration is shown in panel (b) by dash-dotted line. 



Side band has been observed in Ref. I ^9 | 30 [ j^. j g ijjjjgj ^ the ground state band 
by the 1685 and 1653 keV transitions of unknown multipolarity. If one assumes E2 
multipolarity for these transitions, then this band would have parity n = + and 
signature r = 0. With this assignment, all observed high-spin bands would have 
the same parity-signature contrary to theoretical results obtained in the CNS and 
CRMF calculations which suggest the presence of near-yrast rotational sequences 
of negative parity (see Fig.QJ. Thus, El multipolarity is more likely choice for the 
multipolarities of these transitions. With this assignment, side band has negative 



9, 2008 0:51 WSPC/INSTRUCTION FILE man 



8 Authors' Names 

parity and extends from spin 7~ up to spin 29~. As follows from the E — E^ld 
plot of this band, it is built from 3 configurations with configuration changes (band 
crossings) taking place at I = lift and / = 17ft. The high spin branch, which starts 
at / = 17ft, is well described by the [2,3] configuration in the CNS and CRMF 
calculations (Fig. 0J. At high spin, the relative energies of the band 4, side band 
and band 2 are well described in the CNS calculations with the standard Nilsson 
parameters by the [2,2], [2,3] and [3,3] configurations (see Fig. H}. The calculations 
also suggest that low spin branch of side band may be associated with oblate '[2,3]- 
obl' configuration (Fig. [4}. 

Fig. [2] compares measured transition quadrupole moments of observed bands 
with the ones of assigned configurations. Starting from the [2,2] configuration (band 
4), subsequent additions of the 179/2 particle (s) increase the transition quadrupole 
moment. This trend is seen both in calculations and in experiment. In addition, 
absolute values of Qt are well described in the calculations. E xperim ental dat a on 
transition quadrupole moments are also available for 73 > 74 Kr I 55 | 56 | anc j [5S] 
These data (both absolute values and relative changes in Q t ) agree reas onably well 
with the results of the CNS, CRMF, and CRHB calculations (see Refs. | 10 | ^0 | 5 SEH 
for details). In addition, available d ata on transi tion quadrupole moments of su- 
perdeformed rotational bands in 59 Cu^^and 60 ZnS^are well reproduced in similar 
calculations. Thus, one can conclude that no enhancement of quadrupole deforma- 
tion in the N = Z nuclei ( which is expected in the presence of the t = np-pairing 
as compared with the one obtained within the framework of isovector mean field 
theory is required in order to reproduce experiment. 

4. 76 Sr nucleus: probing Coulomb antipairing effect. 

The progress in understanding of np-pairing requires better knowledge of different 
components of like-particle pairing. The investigation of the impact of the Coulomb 
exchange term on the pairing field, within the framework of the Hartree-Fock- 
Bogoliubov approach based on the Gogny force, found a considerable decrease of 
the proton pairing energies due to a Coulomb anti-pairing effect Recent experi- 
mental data on 76 Sr^2l, when combined with the limited results from previous high 
spin studies of other A = 58 — 80 N = Z nuclei in which g 9 / 2 proton/ neutron 



with the first real opportunity to test these predictions 

The similarity of the proton and neutron single-particle spectra (apart from 
some constant shift in absolute energies by the Coulomb energy) in the N = Z 
nuclei leads to the fact that proton and neutron pairing energies are almost the 
same for proton and neutron subsystems in calculations which do not contain a 
Coulomb exchange term (as is the case with CRHB calculations, see Fig. [3]). As 
a consequence, the alignment (paired band crossing) of proton and neutron pairs 
takes place at the same rotational frequency in such calculations (see Fig. [5]), which 
in turn leads to only one bump in the dynamic moment of inertia. However, if 



paired band crossings have been observed 
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Fig. 5. Kinematic and dynamic moments of inertia of rotational bands in even-even N = Z 
nuclei. The dynamic moments of inertia (open triangles) are shown only for 60 Zn and 76 Sr. The 
results of the CRHB calculations are shown by solid and dash-dotted lines for kinematic and 
dynamic moments of inertia, respectively. The kinematic moments of inertia obtained in the 
CRMF calculations are shown by dashed lines in 68 Se and 72 Kr. 



the predictions of Ref. are correct then the proton pairing energy should be 
considerably smaller than that due to the neutrons, and it is reasonable to expect 
that this fact will result in an alignment of proton and neutron pairs at different 
frequencies, which would manifest itself in a double peaked shape for the dynamic 
moments of inertia. 

Fig.[5]shows the kinematic moments of inertia for all four nuclei and the dynamic 
moments of inertia for 60 Zn and 76 Sr. The ground and I 71 — 2 + states of 68 Se 
and 72 Kr are believed to be oblate (see Ref. which leads to low values for 
the kinematic moments of inertia at low frequencies (see Fig. [5|) . With increasing 
spin highly-triaxial ( 68 Se) or near-prolate ( 72 Kr) structures become yrast^^. Thus, 
the first irregularity seen in the kinematic moments of inertia of these nuclei at 
a rotational frequency hio ~ 0.4 MeV is due to this shape coexistence. However 
such shape coexistence is not present in 60 Zn and 76 Sr at low spin. These nuclei are 
characterized by gradually increasing kinematic moments of inertia at low rotational 
frequency (see Fig. [5]). In 68 Se the band crossing seen at hio ~ 0.7 MeV is not 
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related to the standard change from the ground (g—) band to the 179/2 aligned 
proton/ neutron S— band and, thus, can be excluded from consideration. It is 
clear, however, that for the other three nuclei the proton and neutron g 9 / 2 paired 
band crossings take place simultaneously at hw = 0.6 - 1.0 MeV. As a result, the 
currently available experimental data in even-even N = Z nuclei do not support the 
existence of the Coulomb anti-pairing effect caused by the Coulomb exchange term. 
These data are also well described in the CRHB an d CRMF (above paired band 
crossing) calculations (see Fig. [5] and Refs. I 10|52 | 53 | f or details). 



5. Systematics of rotational and deformation properties 

The experimental data on alignments in rotational structures of the N Z nuclei 

are compared with the results of the CRMF and CRHB calculations in Fig. [51 

One can see good agreement between experiment and the CRMF calculations at 

high spin as well as between experiment and CRHB calculations at low spin. In 

addition, expe rim ental data on transitio n quadrupole moments are available for 
59 Cu ET] w Zn m 72,73,74 Kr [21301551561 and 74 Rb [55] Thege data agree well with 

the results of the CN S, CRMF, and CR HB calculations (see Sect. [3] in the present 
manuscript and FLefs. | 10 | 30 | 49 | 51 | 55 | 56 | for details ). 



6. 64 Ge nucleus 

As follows from Fig. El the knowledge of the N = Z 62 Ga, 64 Ge, 66 As, and 78 Yb 
nuclei is restricted to low-spin states. The CNS calculations for 64 Ge are performed 
in order to better understand what can be expected at high spin in these nuclei. 

It has been pointed out before that 64 Ge nucleus is soft with respect to 7— and 
octupole deformations (see Ref. ^ and references quoted therein) . Fig. [7] shows 
the results of the CNS calculations (which are restricted to reflection symmetric 
shapes), which also indicate softness toward 7-deformation. Indeed, the [0,0] (a = 0) 
configuration is characterized by the (£2 ~ 0.2,7 ~ —30°) deformation in the spin 
range 1 = 2 — 8h. The yrast lines of other combinations of parity and signature 
are characterized by similar deformation in the spin range 1 = — 3h. Up to 
spins I ~ 35H, the yrast lines are dominated by the states with the deformations 
£2 ~ 0.25 — 0.35 and 7 = 26° — 60°. The terminating bands, many of which terminate 
in a favored way^[ dominate the yrast region up to I ~ 35fi. Superdeformed bands 
with deformation £2 ~ 0.5,7 ~ 10° become yrast above that spin. 

It seems that the complicated structure of this nucleus, dominated in the spin 
region of interest by 7— (and probably octupole) softness and terminating struc- 
tures [which are not that different from the ones in 68 Se (see Fig. 7 in Ref. and 
in 74 Kr (see Fig. 3 inES)], will not allow to obtain reliable evidences of the isoscalar 
t = np— pairing even if the experimental data will be extended to higher spin. 
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Fig. 7. Excitation energies of the configurations forming the yrast lines of 4 combinations of parity 
and signature in 64 Ge given relative to a rigid rotor reference Ejild = 0.03157/(7 + 1) MeV. 
Calculated terminating (aligned) states are encircled. The shorthand notation < piP2,"i"2 > 
indicates the number pi (ni ) of occupied 59/2 proton (neutron) orbitals and the number P2 («2 ) of 
occupied /111/2 proton (neutron) orbitals. p2(^2) are omitted when later orbitals are not occupied. 
Wide line indicate the total yrast line. The same type of symbols is used for signature partner 
orbitals. Solid (open) symbols are used for a = 0(1) configurations. 
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7. Conclusions 

The systematic analysis of the rotational response and deformation properties of 
the N « Z nuclei support the interpretation of these nuclei within the isovector 
mean field theory. According to this framework, there is no isoscalar np pair field. 
At low spin, strong isovector pair field exists, which includes a large np component, 
the strength of which is determined by isospin conservation. Like in nuclei away 
from the N = Z line, this isovector pair field is destroyed by rotation. In this high 
spin regime the calculations without pairing describe well the data provided the 
drastic shape changes that cause among other things band termination are taken 
into account. No clear evidence for the existence of the isoscalar t — np pairing 
has been found. However, due to limitations of our theoretical tools one cannot 
completely exclude the possibility of the existence of np pairing condensate in the 
t = channel or the possibility that the rotational properties are not sensitive to 
this type of pairing. 
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